, was performed for a ceramic-carbonate nanocomposite fuel cell using composite electrolyte consisting of Gd 0.1 Ce 0.9 O 1.95 (GDC) and a eutectic mixture of Na 2 CO 3 and Li 2 CO 3 . The compatibility of these nanocomposite electrode powder materials was investigated under air, CO 2 and air/CO 2 atmospheres at 550°C. Microscopy measurements together with energy dispersive X-ray spectroscopy (EDS) elementary analysis revealed few spots with higher counts of manganese relative to lanthanum and strontium under pure CO 2 atmosphere. Furthermore, electrochemical impedance (EIS) analysis showed that LSC had the lowest resistance to oxygen reduction reaction (ORR) (14.12 Ω•cm 2 ) followed by LSF (15.23 Ω•cm ). In addition, low frequency EIS measurements (down to 50 µHz) revealed two additional semi-circles at frequencies around 1 Hz. These semicircles can yield additional information about electrochemical reactions in the device. Finally, a fuel cell was fabricated using GDC/NLC nanocomposite electrolyte and its composite with NiO and LSCF as anode and cathode, respectively. The cell produced an excellent power density of 1.06 W/cm 2 at 550°C under fuel cell conditions.
Introduction
Nanocomposite low temperature solid oxide fuel cells (LT-SOFC; also referred as intermediate temperature hybrid fuel cells [1] ), are emerging as a potential fuel cell technology. The motivation for this fuel cell technology originates from the fact that a solid oxide fuel cell (SOFC), a high efficiency fuel cell, operates at high temperatures between 800 and 1000°C primarily due to a limited oxygen ion conductivity of yttria-stabilized zirconia (YSZ) which is used as an electrolyte material [2] [3] [4] . Such a high operating temperature leads to many degradation issues including chemical and mechanical incompatibilities, permanent microstructural changes and sealing issues [5] [6] [7] . To overcome this problem, alternative electrolyte materials such as gadolinium doped cerium oxide (GDC) and samarium doped cerium oxide (SDC), have been investigated to be used at lower temperatures (400-600°C) to replace the YSZ based electrolyte [8] [9] [10] [11] . Although their ionic conductivity (0.1 S/cm at 800°C) is much better than that of YSZ (0.1 S/cm at 1000°C) [12] , their ionic conductivity can be further improved for lower temperatures (400-600°C). There are two main approaches to improve the oxygen ion conduction through GDC or SDC electrolyte. One approach is to dramatically decrease the thickness of the electrolyte layer down to less than ten micrometer thickness [13] . The other approach is to utilize a nanocomposite electrolyte consisting of GDC/SDC and a eutectic mixture of alkali (Na, Li, K) carbonates [14] [15] [16] [17] [18] [19] . The nanocomposite electrolytes significantly improve the ion conduction through the composite electrolyte even at low temperatures of around 500°C. Depending on the composition of the nanocomposite electrolyte, the operating temperature could be reduced even down to 400°C while keeping high enough ionic conductivity of the electrolyte [8] .
Although molten carbonates improve the performance of the composite electrolytes, the carbonates can also corrode electrode materials. An X-ray diffraction (XRD) study has shown that strontium, which is a common element in potential perovskite structured cathode materials [20] (LSCF) , can react with molten carbonates to form strontium carbonate [15] . However, it is not clear how detrimental these interactions are to the overall device performance and stability, since the intensity of the XRD peaks [15] were very low. It has been also reported that some of the potential perovskite structured electrode material, LSM, degraded due to a reaction with manganese and molten carbonates [14] . Furthermore, it has also been reported that lithiated nickel oxide, which can be used as a cathode material, can also dissolve into the molten carbonate [1, 21, 22] . Therefore, a comparative compatibility study using the aforementioned electrode materials with nanocomposite electrolytes was carried out to identify potential electrode candidates. In addition, it is important to compare the performance of the potential electrode materials at low temperature operating conditions (400-600°C) to identify their feasibility for LT-SOFC using nanocomposite electrolyte. As the potential perovskite structured cathode materials (LSM, LSC, LSF and LSCF) have different electrical conductivities (200-300 S/cm at 900°C [23] , 1650 S/cm at 800°C [24] , 350 S/cm at 550°C [20] ,~230 S/cm at 900°C [20] ) and ionic conductivities (10 -7 S/cm at 900°C [23, 25] , 1.2 S/cm at 900°C [26] , 1.2´10
-5 S/cm at 700°C [27] , 0.2 S/cm at 900°C [26] ), respectively, which can result in different electrochemical performance. Though their thermal expansion coefficients (TEC) relative to other components in the cells can play a critical role for the long term stability of (high temperature) SOFC [28] , their mismatch with other components has less crucial significance for lower operating temperatures of LT-SOFC.
In this work, four perovskite structured cathode materials, LSM, LSC, LSF and LSCF, were mixed with Na 2 CO 3 (NC) and Li 2 CO 3 (LC), and their performance as cathodes was compared. Compatibility tests were carried out at 550°C under air, CO 2 and air/CO 2 atmospheres, and the materials were analysed using XRD, transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS). Additionally, symmetric cells were prepared using the above-mentioned nanocomposite cathode materials and were then characterized using electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), scanning electron microscopy (SEM) and EDS. Finally, a complete fuel cell was fabricated and characterized in fuel cell operating conditions. This work provides a deeper insight into the mechanisms in the nanocomposite LT-SOFC and gives recommendations for more reliable electrode studies.
Experimental

Materials
Except for LSM powder that was received from CSIR (Central Glass & Ceramic Research Institute), all the other powders, that is GDC, NC, LC, LSC, LSF, LSCF, NiO, polyvinyl-alcohol and ethyl-cellulose were purchased from Sigma Aldrich. Mixing of the materials was done in each step in a planetary ball mill at 60 r/min for 1 h. Firstly, a mixture of NC (57 wt-%) and LC (43 wt-%) was prepared (abbreviated as NLC). Nanocomposite electrolyte powders were prepared by mixing GDC (87.8 wt-%) and NLC (12.2 wt-%) powders. Similarly, four different nanocomposite electrode powders were obtained by mixing LSM (50 wt-%), LSC (50 wt-%), LSF (50 wt-%) and LSCF (50 wt-%) with NLC (50 wt-%), respectively.
Symmetric cells (electrode/electrolyte/electrode) were prepared by a co-pressing method by placing powders sequentially into a 13 mm die. A small pressure was applied each time a new layer was added for smoothing the surface. In the end, the cells were pressed under 250 MPa for 2 min to form 4 pellets with the different electrode materials but with the same electrolyte material. After that, the pellets were sintered at 690°C for 30 min with the heating rate being 2°C/min. The structure of each cell is shown in Table 1 .
In addition, the compatibility of the composite electrode materials under air, CO 2 and air/CO 2 (50 vol-%/50 vol-%) atmospheres was tested by exposing the samples to the aforementioned gas atmospheres in an oven at 550°C for 5 h. The setup of the oven is shown in Fig. 1 .
A complete fuel cell was fabricated through a copressing method. First, composite anode and cathode powders were prepared by mixing GDC/NLC nanocomposite electrolyte with NiO and LSCF, respectively. Polyvinyl-alcohol and ethyl-cellulose were added in the composite electrode powders to increase porosity in the device electrodes. The composition of the nanocomposite electrolyte powder was 70 wt-% GDC and 30 wt-% NLC. The composition of the electrodes powders was 45 wt-% NiO (for anode) or LSCF (for cathode), 45 wt-% nanocomposite electrolyte, 5 wt-% of Polyvinyl-alcohol and 5 wt-% of ethyl-cellulose. The electrode and Symmetric cells
electrolyte powders were sequentially added in a 13 mm diameter die and then pressed at 250 MPa for 2 min. The cell was sintered at 690°C for 60 min with a heating rate of 2°C/min. Gold paste was applied on both sides of the cells for better electrical contact between the cell and the gold electrode wires.
Characterization
The phase compositions of the powders from the compatibility test were measured with an XRD unit (PANalytical X'Pert PRO MPD). The powders were further crushed in a mortar and then measured at room temperature using Cu Kα 1 radiation (45 kV and 40 mA; l = 1.5406 Å). The morphological properties of the powders were also characterized using a transmission electron microscopy (TEM, JEOL JEM-2200FS) equipped with an energy dispersive X-ray detector (EDS). The EIS was performed using a Zahner Elektrik's IM6 impedance measurement unit. All of the measurements were conducted at open circuit voltage at 550°C using an AC signal with an amplitude of 20 mV. A frequency range of 100 mHz to 100 kHz was used to measure the performance of all the symmetric cell samples. In addition, impedance of a LSF symmetric cell was measured using wider frequency ranges (lower limit either 50 µHz or 0.2 mHz) in order to reach a deeper understanding of the properties of the electrode. Furthermore, a cyclic voltammetry study was conducted for a LSF symmetric cell using the IM6 unit. This measurement was performed in air between -0.5 V and 0.5 V at a very slow slew rate (300 µV/s). For all these electrochemical measurements, gold meshes were used as current collectors and the measurement was undertaken using a Probostat measurement setup (NorECs).
Brunauer Emmett-Teller (BET) and Barrett-JoynerHalenda (BJH) analyses were respectively used to measure the surface area and to estimate the cumulative volume of pores of the sintered composite electrode materials using a liquid nitrogen cooled gas sorption analyser (Micromeritics TriStar 3020) operating at -196°C. The samples were small pieces of the electrode layer of the symmetric cells. Prior to the measurement, the samples were first dried for 1 h at 400°C. The morphological properties of the cells were also studied using a scanning electron microscope (SEM, JEOL JSM-7500FA) coupled with EDS.
Results
BET and BJH analysis
Results from BET and BJH experiments are shown in 3 /g, respectively). However, it was noticed that the porosity of these composite electrodes corresponding to the BJH pore volumes was very low (0.48%, 0.28%, 0.34% and 0.27%, respectively). The reason for these low porosity values is that this method takes into account only a certain range of pore sizes in the pore volume estimation. In our case, BJH took into account pore sizes between 1.7 nm and~300 nm (maximum limit of the equipment) while larger pores were partially ignored. Therefore, we like to highlight that the BJH method is not generally reliable for studying the electrodes of LT-SOFC. However, BET analysis is not largely affected by the pore size distribution and is hence quite reliable.
XRD
XRD measurements were conducted on the composite electrode materials before and after the short term compatibility test, and the results are presented in Fig. 2 . Most of the major peaks corresponded to LSM, LSC, LSF and LSCF, while other major peaks were associated to Li 2 CO 3 . Several smaller peaks could be attributed to NaLiCO 3 and a small peak at around 25°was attributed to a) The attained porosity value through the BJH method is very low because the method partially ignores large pores in the structure SrCO 3 as shown in a previous study [15] . However both in our study and in the previous study, the intensity of the SrCO 3 was very low and thus, it remains unclear whether Sr reacts with carbonate or not. Furthermore, all these peaks in the spectra corresponded to those of the perovskite phase or crystallized alkaline carbonates as reported earlier [15] . ICDD patterns corresponding to NaLiCO 3 (021-0954, 84-2168), LiCO 3 (08-0471, 72-1216), LSM (06-9331), LSC (13-6792), LSF (35-1480, 12-5632) and LSCF (89-1268) matched well to the XRD spectra. It was observed that a peak at~30.2°appeared in all fresh electrode powdered samples, however this peak disappeared in most of the samples after the compatibility test. Furthermore, in some cases a new peak appeared at 31.8°after the compatibility test. This peak at~31.8°was most pronounced in case of NLC + LSF sample. Nevertheless, XRD measurements should be performed on all the samples after long term stability test of at least over 100 h to evaluate their stability in nanocomposite LTSOFCs. Fig. 3 . The average particle size in LSM + NLC was approximately 50 nm, whereas in LSC + NLC, LSF + NLC and LSCF + NLC samples, the average particle size was approximately 80 nm.
Furthermore, fibre-shaped structures were found in the SEM images in all of the samples as shown in the Fig. 3 . It is assumed that these might have been either due to a presence of hydroxides in the samples or a presence of Li 2 CO 3 [17] . EDS was performed on LSM + NLC, but, it was not possible to obtain EDS data from the fibre-shaped structures alone due to the following reasons. The EDS signal comes from approximately a micrometer sized volume, although the size of the interaction volume depends (mostly) on the acceleration voltage used in the measurement and the atomic number of studied element. Lithium and the possible hydrogen cannot be detected with Fig. 2 Powder X-ray diffraction patterns of the four nanocomposite electrode materials. Prior to the measurement, the samples were kept in an oven at 550°C for 5 h under air, CO 2 and air (50 vol-%) + CO 2 (50 vol-%) atmospheres. The symbols used in the figure represent following materials: n LiNaCO 3 , ▼ Li 2 CO 3 , ▲ SrCO 3 EDS due to their small interaction area but all the other elements from LSM + NLC were found in the EDS spectra. Therefore, the cause of the fibre-shaped structures remains inconclusive. A more exact size of the interaction volume could be estimated, for example, by doing some simulations regarding the electron paths in the specimen with a given electron energy and specimen's atomic number.
TEM images of LSM + NLC, LSC + NLC, LSF + NLC and LSCF + NLC powders that were shortly aged under CO 2 atmosphere are shown in Fig. 4 . EDS elementary analysis was performed to various areas of the samples in order to investigate the structural changes in the composite electrode materials. EDS spectra of selected areas from Fig. 4(a) are shown in Fig. 5 . The EDS measurement on aged LSM + NLC sample at the "eds1" area shows all the elements of LSM + NLC except lithium due to the aforementioned reason ( Fig. 5(a) ). On the other hand, EDS measurement at the "Eds4" area revealed higher counts of manganese relative to lanthanum and strontium (Fig. 5(b) ). No such behaviour, i.e., higher counts of iron or cobalt, was observed for the other aged nanocomposite electrode materials, that is, LSC + NLC, LSF + NLC and LSCF + NLC. Examples of the EDS data from all the samples are shown in the supplementary information. Degradation of LSM due to reaction with molten-carbonates has been previously reported [14] . In this study, higher counts of manganese were observed at only few spots. Furthermore, origin of their cause is not clear. Therefore, it is suggested to perform long term aging of the samples before conducting EDS analysis.
Electrochemical measurements
In this section, results from electrochemical measurements are presented and, for the sake of simplicity, symmetric cells are referred according to their perovskite electrode material. Initially, electrochemical impedance of the symmetric cells were measured at 550°C in air using a frequency range of 100 mHz to 100 kHz and the corresponding impedance responses of the symmetric cells are shown in Fig. 6 . The high frequency intercept with the real axis corresponds to the ohmic resistance of a cell, which is primarily dominated by the resistance of the electrolyte. LSC, LSF and LSCF cells produced a typical electrode impedance behavior which consists of three (depressed) semicircles with different time constants, although only a small part of the third (low frequency) semicircle can be seen in the data. The high and intermediate frequency semicircles are often associated to charge transfer reactions while the tail is often associated to the adsorption (dissociative or associative route) of an oxygen molecule and/or diffusion [29] . On the other hand, LSM showed practically only one highly depressed semicircle. It is assumed, that the same processes are included in the semicircle although they cannot be easily distinguished from each other.
In this work, an equivalent circuit shown in Fig. 6(a) was used to fit the impedance data that was acquired using the frequency range of 100 mHz to 100 kHz. R electrolyte and L 1 represent the ohmic resistance and the inductance of the measurement setup, respectively. Two of the R-CPE circuits are assumed to represent the charge transfer processes. On the other hand, the tail is commonly represented with a Warburg element in the literature [14, 30] , a third R-CPE element is used here instead due to reasons that are explained later. The fitted data is shown in Fig. 7 , and the parameters used to fit the data are shown in Table 3 . The high inductances ranging from 0.37 to 0.49 µH were mainly due to long wires used in the measurements. The ohmic resistance, dominated by the resistance of the electrolyte, ranges from 0.78 to 
Ω•cm
2 which is likely due to small uncontrolled variations in the thickness of the electrolyte layers. R 1 and R 2 represent the resistances from the charge transfer reactions whereas R 3 represents the resistance of the tail, i.e., the low frequency semicircle. The combined value for the assumed charge transfer resistance (R 1 + R 2 ) and the resistance associated with the adsorption/diffusion processes (R 3 ) was the lowest for LSC (14.12 Ω•cm Table 3 Resistance values corresponding to electrode reactions using the equivalent circuit shown in Fig. 6 (b) and a frequency range of 100 mHz to 100 kHz Fig. 7 (a) An equivalent circuit used to fit the data corresponding to low frequency measurements. Impedance data of the LSF cell measured at 550°C in air, using a frequency range of (b) 0.2 mHz-100 kHz (after ageing the cell for 24 h at 550°C) and (c) 50 µHz-100 kHz (after ageing the cell for 280 h at 550°C) materials. Also, since the electrodes are in series in these symmetric cells, the resistance of the single electrode is half of these values. As mentioned earlier, the tail part is usually associated with adsorption/diffusion processes and is often fitted using a Warburg element in the equivalent circuit model [14] . In order to gain a deeper understanding of the electrode behaviour, the impedance of the symmetric LSF cell was measured again using lower frequency limits. In the first additional measurement, the lower frequency limit was 0.2 mHz (Fig. 7(b) ) and 50 µHz in the second measurement (Fig. 7(c) ). It was found that the tail in Fig. 6(a) exhibited a semicircle behaviour and that an additional semicircle appeared at even lower frequencies. As no Warburg characteristics were seen, an equivalent circuit with four R-CPE circuits (along with R electrolyte and L 1 ) was used ( Fig. 7(a) ). Fitted parameters from these measurements are shown in Table 4 . Interestingly, it was observed that the total impedance of the LSF decreases to 33.61 Ω$cm 2 after a continues exposure at 550°C for 280 h from a total initial impedance of 40.38 Ω$cm 2 at 550°C. It is also important to note that the resistances represented by R 1 , R 2 and R 3 originated from both sides of the cell. Thus, the resistances for a single electrode is half of the presented values.
The total impedance of a LSF cell was also attained using a cyclic voltammetry measurement and the results are shown in Fig. 8 . As the impedance measurements were conducted at open circuit voltage (~0 V), the slope of the current-voltage curve at around 0 V could be used for measuring the total resistance of the cell for comparison. The first objective of this measurement was also to test the linearity of the current-voltage curve, since impedance data has been measured using AC amplitudes as high as 500 mV [14, 15, 31] . As the current-voltage curve in Fig. 9 is not linear above 200 mV, it is not recommended to use higher amplitudes than 200 mV in EIS measurements. The second objective was to confirm that the EIS measurements ranged to sufficiently low frequencies to bring all significant resistance components visible in the EIS spectrum. The total resistance of the LSF cell (calculated from the slope of the current-voltage curve) was 29.73 Ω and the respective area specific resistance was 39.45 Ω$cm 2 . This matches almost exactly with the total resistance attained in the EIS measurement (0.2 mHz-100 kHz) which was 40.84 Ω$cm 2 (Table 4 ). This result, together with the fact that the EIS amplitude was within the linear region, confirms that no additional major impedance components exist outside the measured frequency range below 50 µHz. Thus, the EIS data fully characterizes the total DC resistance of the sample. For this reason, we 33.14 a) Exposure time of the LSF cell in air at 550°C is mentioned to clarify that the same LSF sample is used in all these measurements and it refers to the total time cell has been exposed to the test condition recommend to do a quantitative comparison of the lowfrequency limit of the EIS data (and the fitted equivalent circuit) against the slow-sweep rate cyclic current-voltage data. This comparison is useful for all studies where the DC resistance of sample is an important property of the sample, such as for experiments on SOFC electrode/ electrolyte materials. We note that the significant lowfrequency impedance component in Fig. 8 would have been missed if the EIS had been taken only down to 1 Hz which is a typical lower limit of frequencies reported in similar studies [14, 15, 32, 33] . The slow sweep-rate cyclic voltammetry measurement, which in the present case took as long as 38 h to complete, is also an undisputable way to confirm and show the electrochemical stability of the sample at the used measurements conditions. Next, characterization of a complete fuel cell using nanocomposite electrolyte and its composites with NiO and LSCF as anode and cathode, respectively, is presented. The composition of the composite anode was 45 wt-% NiO, 45 wt-% nanocomposite electrolyte, 5 wt-% polyvinyl-alcohol and 5 wt-% ethyl-cellulose. Similarly, the composition of composite cathode was 45 wt-% LSCF, 45 wt-% nanocomposite electrolyte, 5 wt-% polyvinylalcohol and 5 wt-% ethyl-cellulose. Polyvinyl-alcohol and ethyl-cellulose were added in the composite electrodes to increase the surface area for efficient reaction kinetics at the electrodes. The surface areas of the nanocomposite anode and cathode were measured using BET analysis and found to be 2.831 and 2.679 m 2 /g, respectively. The electrochemical characterization of this cell is presented in the following section.
The nanocomposite fuel cell produced an output power desnity of 1.06 W/cm 2 at 550°C as shown in Fig. 9 . The cell exhibits an open-circuit voltage (OCV) of~1.19 V. The total resistance of the cell obtained through IV curve at maximum power point was 0.40 Ω$cm 2 . This high performance of the cells demonstrates the efficient ion transport and reactions kinectics in the cells. To understand the processes in the cell, the EIS was performed on the same cell at open cell circuit condition as shown in Fig. 10(a) and the EIS spectra of the cell were fitted to an equivalent circuit model shown in Fig. 10(b) . R electrolyte and L 1 represent the ohmic resistance and the inductance of the measurement setup, respectively. Three pair of R-CPE circuits are used to fit the two distinguished semicircles and an intermediate region between them. Generally in these fuel cells, the reaction kinetics is much faster at the anode as compared to the cathode [34] which gives an indication that the time constant of the reaction processes at anode should be lower than the time constant of reaction processes at cathode. The first R-CPE represents the impedance to the charge transfer reactions in the cell. The second and third R-CPE elements were fit to the intermediate region and the low frequency semicircle, which represent the impedance related to the processes related to mass transfer such as gas diffusion in porous Fig. 10 (a) EIS response of the cell measured at 550°C using a frequency range of 100 mHz to 100 kHz, and (b) an equivalent circuit model to fit the EIS response of the cell Table 5 Resistance values corresponding to fuel cell processes using the equivalent circuit shown in Fig. 10(b structure, gas solubility into molten phase and gas diffusion through electrolyte membrane [35, 36] . The parameters used to fit the data and their values are shown in Table 5 . The high inductance 0.57 µH was mainly due to long wires used in the measurements. The ohmic resistance, dominated by the resistance of the electrolyte, was 0.18 Ω$cm 2 . R 1 represents the resistances from the charge transfer reactions (0.15 Ω$cm 2 ), whereas R 2 and R 3 represent the resistances from the mass-transfer processes (0.13 Ω and 0.44 Ω$cm 2 ).
Conclusions
Short-term compatibility tests were performed for LSM, LSC, LSF and LSCF materials at 550°C under air, CO 2 and air/CO 2 atmospheres. On the basis of XRD, TEM and EDS analysis, it was concluded that LSM is not suitable for these ceramic-carbonate composite fuel cells. Long term test of at least over 100 h should be performed to evaluate their stabilities for nanocomposite LT-SOFC. The EIS measurements showed that LSC, LSF and LSCF have significantly lower resistance to oxygen reduction reaction (14.12, 15.23 and 19.38 Ω$cm 2 , respectively), compared to LSM ( > 300 Ω$cm 2 ). As opposed to the current knowledge in the literature, low frequency measurements down to 50 µHz were necessary to reveal two additional significant semi-circles at frequencies below about 1 Hz. These semicircles can yield additional information about the electrochemical reactions important for full performance characterization of LT-SOFC materials. Both low frequency EIS and steady state current voltage measurements are thus recommended to be undertaken for characterising all the electrode processes, especially those seen only at very low frequencies. Nanocomposite fuel cell demonstrated an outstanding performance of 1.06 W/cm 2 at 550°C taking advantage of the composite effect to boost the ionic transport in the electrolyte layer and efficient reaction kinetics at the electrodes.
